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Abstract

Field experiments were conducted to determine whether early vegetative feeding by Trichosirocalus horridus alters musk thistle

(Carduus nutans) as a resource for the later-arriving Rhinocyllus conicus. Results showed that thistles with high larval densities of T.

horridus (66 per plant) produced more and shorter flower stems, significantly fewer flower heads, and delayed flowering by 1 week

when compared to uninfested thistles. Also, colonization and oviposition on flower heads by adult R. conicus were as much as three

and five times lower, respectively, on thistles heavily infested with T. horridus than on uninfested thistles. As a result, 63% fewer R.

conicus adults developed from T. horridus-infested thistles. Musk thistles that were infested with lower densities of T. horridus larvae

(<20 per plant) also produced multiple stems that were usually shorter than uninfested thistles. However, no differences were

observed in flower head production or in the behavioral responses of R. conicus to T. horridus-infested and uninfested plants. In a

greenhouse experiment, the mortality rate of R. conicus was higher on musk thistles that were heavily infested by T. horridus,

implying a change in musk thistle quality. However, this effect was apparent only at low R. conicus larval densities. T. horridus can

indirectly and negatively affect R. conicus through a variety of mechanisms, but only when densities of T. horridus are high. This

finding may have important implications for the continued redistribution of both weevils, which were imported for the classical

biological control of musk thistle, a noxious weed in pastures and rangeland.

� 2003 Elsevier Inc. All rights reserved.
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1. Introduction

A widely accepted hypothesis in biological control of

weeds is that stress from multiple sources is necessary to

exert sufficient control of the target plant (Harris, 1981,

1991). This may involve a broad range of stresses, such

as herbivory and plant competition (e.g., McEvoy et al.,

1993), or consist of multiple biological control agents,
provided that the herbivores act in a complementary

and compatible manner (e.g., James et al., 1992). Insects

that feed on different plant tissues and/or occur at dif-

ferent times of the year impose different kinds of stress

on weeds. Importantly, they also avoid direct competi-

tion (Harris, 1991). However, indirect interactions be-
* Corresponding author. Fax: 1-785-532-6232.

E-mail address: jnechols@oznet.ksu.edu (J.R. Nechols).
1 Present address: USDA-ARS, Grassland, Soil and Water

Research Laboratory, Temple, TX 76502, USA.

1049-9644/$ - see front matter � 2003 Elsevier Inc. All rights reserved.

doi:10.1016/j.biocontrol.2003.09.017
tween spatially and temporally isolated herbivores can

still occur if one or both of the herbivores alter the host

plant that serves as a common resource, i.e., the host

plant mediates the interaction (see review by Wootton,

1994). These indirect interactions may result in out-

comes that are positive (facilitation—Damman, 1989;

Gange and Brown, 1989; Masters et al., 2001; Pilson,

1992; Strauss, 1991; Tscharntke, 1989; Williams and
Myers, 1984), negative (competition—English-Loeb

et al., 1993; Faeth, 1986; Harrison and Karban, 1986;

Hoffman and Moran, 1992; Moran and Whitman, 1990;

Petersen and Sandstr€om, 2001; Strauss, 1991; Tindall

and Stout, 2001; Williams and Myers, 1984), or neutral

(Bounfour and Tanigoshi, 2001). To date, very few

published studies have focused on spatially and tempo-

rally separated herbivores (but see Hoffman and Moran,
1992; Pilson, 1992; Strauss, 1991). Indirect interactions

between herbivores may have important consequences

for the host plant and, ultimately, for the level of
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biological control attained in the case of weeds. There-
fore, investigations of this kind are germane to the

overall evaluation of biological control programs for

weeds.

Musk, or nodding, thistle (Carduus nutans L. species

group) was introduced from its native Eurasian/North

African range into North America over 150 years ago

(Stuckey and Forsyth, 1971). It became a noxious weed

in pasture and rangeland habitats, especially in over-
grazed situations (Dunn, 1976; Fick and Peterson,

1995). Musk thistle grows primarily as a biennial or

winter annual and is propagated only through seed

(McCarty and Scifres, 1969). Individual plants can

produce 10,000 or more seeds, although only 35% may

be viable (McCarty, 1982). Dormant seed remains viable

for up to 15 years (Burnside et al., 1981).

A classical biological control program was initiated
for musk thistle in the United States and Canada in the

1960s. These efforts resulted in the establishment of two

weevils: Trichosirocalus horridus (Panzer) and Rhinocyl-

lus conicus Froelich (Kok, 2001). T. horridus adults have

an extended oviposition period that lasts from late fall

through spring. Under warm conditions during this pe-

riod, eggs are laid and larvae feed within the vegetative

crowns. Destruction of the apical meristem results in the
growth of secondary buds, such that infested thistles

often produce multiple flower stems instead of a single

stem. These stems are generally shorter, bear fewer

flower heads, and may flower later compared to unin-

fested thistles (Cartwright and Kok, 1985; Woodburn,

1997). In contrast to T. horridus, R. conicus larvae infest

flower heads (capitula) that are produced in the spring

and early summer (Surles and Kok, 1976). Feeding on
the receptacle, and later callus, tissue results in the

abortion of developing ovules, and young achenes also

may be directly fed upon, limiting the production of vi-

able seed (Kok, 2001; McCarty and Lamp, 1982;

Shorthouse and Lalonde, 1984). Both weevils have been

redistributed within the United States and natural dis-

persal has occurred, with R. conicus occupying a larger

range (Andres and Rees, 1995). Northeast Kansas is one
region where both weevils are established and have an

overlap in their distributions (Hilbert and Brooks, 2000).

Current activities to continue the redistribution of

these weevils is predicated on the assumption that the

two species act in a complementary manner because they

have somewhat different phenologies, and because they

feed on different parts of the plant (Kok, 2001; Nechols,

2000). However, no experiments have been done to de-
termine the relative role of each weevil in reducing viable

seed production, or to assess whether early vegetative

feeding by T. horridus causes indirect adverse effects on

R. conicus by altering plant quality and/or quantity. In

addition, concerns regarding the ecological safety of

these weevils due to feeding by R. conicus on nontarget,

native thistle hosts (Louda et al., 1997; Turner and Herr,
1996; Turner et al., 1987), and the potential for T. hor-
ridus to do the same (McAvoy et al., 1987), underscores

the need to examine the interaction between the two

weevils. Therefore, our objectives were to determine if

the seasonal synchrony between ovipositing R. conicus

and musk thistle flower head availability is altered

(phenological effect); the acceptability of musk thistle

flower heads for oviposition by R. conicus is altered

(behavioral effect); the quantity of plant tissue available
to developing R. conicus larvae is altered (resource

limitation effect); and the quality of musk thistle heads

for developing R. conicus larvae is altered (physiological

effect).
2. Materials and methods

2.1. Insect colonies

Adult T. horridus were field-collected annually be-

tween 1998 and 2001 in the fall from musk thistle, and

overwintered at 5 or 10 �C and a photoperiod of 10:14 h

(L:D) in an environmental growth chamber. Adults were

held in ventilated, plexiglass boxes containing bouquets

of musk thistle leaves in cotton-plugged, water-filled
shell vials. To obtain T. horridus eggs, 15–30 weevils (1:2

male:female) were placed in ventilated, 2-liter paper

containers with thistle bouquets and held at a thermo-

period of 20:10 �C (10:14 h) and a photoperiod of

10:14 h (L:D). Leaves were dissected every 2–7 days for

eggs that were then placed in petri dishes lined with

moist filter paper layered over wet cotton. Eggs were

stored at 2–3 �C in darkness for 1–4 months (Kok and
McAvoy, 1983). Subsequently, the eggs were transferred

to 25 �C and allowed to develop until the embryonic

head capsule had darkened (24–48 h pre-hatch). Batches

of 10–13 eggs were aspirated with water into individual

Pasteur pipettes, the pipette tip was wrapped with

Parafilm (American National Can, Chicago, IL), and

the pipettes were refrigerated for approximately 1 week

until eggs were needed to artificially infest musk thistle
plants in field and greenhouse experiments. Preliminary

tests showed that neither refrigeration nor storage in

water affected the hatching rate.

The adult R. conicus used in the greenhouse experi-

ment were reared from mature flower heads of musk

thistle that were field-collected in July. Adults were held

in an environmental growth chamber in ventilated,

plexiglass boxes that contained moist paper towels.
From July to September, the photophase and tempera-

ture were gradually shortened/decreased from 14:10 to

10:14 h (L:D) and from 25 to 5 �C, respectively. Adults

were held under these latter conditions for an additional

100 days to terminate dormancy.

Voucher specimens of T. horridus and R. conicus were

deposited in the Kansas State University Museum of
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Entomological and Prairie Arthropod Research under
Lot No. 140.

2.2. Field experiments

Between 1998 and 2001, field experiments were con-

ducted to determine whether T. horridus altered the

availability, acceptability, and/or quantity of musk

thistle flowers for R. conicus.

2.2.1. 1998–1999, Keats, KS

In fall 1998, a field site was selected near Keats, Riley,

KS (39� 14.920N, 96� 43.500W, 380m), that had a history

of musk thistle infestation and populations of R. conicus

and T. horridus. In October, a 0.25-ha plot was fenced

off to exclude cattle, and frame cages 0.8� 0.8� 0.2m

(length�width� height) were placed over naturally
occurring musk thistle rosettes (one plant per cage) to

isolate them from field populations of T. horridus. Cages

had a window screen top and were large enough to allow

for the expansion of rosettes. The experimental plant

density of the natural stand was 0.04 musk thistle/m2.

The initial diameter of thistle rosettes ranged from 15 to

30 cm. The phenological development of caged thistles

through bolting was similar to nonexperimental thistles
growing near the field plot. To minimize interspecific

plant competition on musk thistles, grasses and other

vegetation within the cages and in the surrounding areas

were clipped or mowed to maintain an average height of

10 cm.

The experiment had a 3� 3 factorial treatment

structure in a Latin square design. Because of the

varying terrain at the field site, treatments were grouped
by location within the site (first blocking factor). Rosette

diameters measured in December (when fall growth had

ceased and prior to freezing of the ground) served as a

second blocking factor because the growth response of

thistles to T. horridus damage had previously been

shown to interact with thistle size (Sieburth et al., 1983).

There were nine replications (blocks), each having three

levels of T. horridus infestation (0, 25, or 50 eggs per
plant) and three levels of R. conicus infestation (ex-

cluded with a closed bag, natural infestation with an

open or sham bag, and natural infestation with no bag)

for a total of 81 experimental units. Exclusion of R.

conicus was included in this and the subsequent field

experiment because these experiments also were de-

signed to examine a separate objective involving the

weevils� impact on musk thistle flower head and seed
production.

Musk thistle plants designated for T. horridus treat-

ments were infested in late March 1999 by inserting the

tips of two or four Pasteur pipettes (depending on in-

festation level) that contained 12–13 mature (within 1

day of hatching) eggs into the main vein of thistle leaves.

Eggs were collected as described above. This procedure
was used because naturally deposited eggs and larvae
cannot be counted in the field without destroying the

plant. To account for possible effects on thistle plants

from mechanical injury, three empty pipette tips were

inserted into each control thistle. Thistle plants were not

available to establish an unwounded control. Six addi-

tional caged thistles (nonexperimental) also were in-

fested with 25 or 50 eggs. These thistles were dissected

for larvae after 1 month to estimate the actual infesta-
tion levels of the experimental thistles. In addition, to

obtain estimates of natural infestations of T. horridus, 10

musk thistle plants were dug from the ground in late

April/early May at each of three locations in Northeast

Kansas. The plants were dissected and the number of T.

horridus larvae was counted.

When bolting began in late April 1999, frame cages

were opened and a 0.25% solution of permethrin [(3-
phenoxyphenyl)methyl 3-(2,2-dichloroethenyl)-2,2-dim-

ethylcyclopropanecarboxylate, Eliminator, Gro Tec,

Madison, GA] was applied to the grass immediately

outside the cages to exclude late-ovipositing T. horridus.

Frame cages were removed by mid-May when R. conicus

began ovipositing. All of the flower buds (capitula) that

developed on each plant were individually covered by

(1) closed or (2) open (sham) nylon mesh bags (23� 23
mesh), or (3) left unbagged. To exclude R. conicus, bags

were tied off at the top and bottom (on the rachis just

below the bud) with twist ties. To test for unintended

effects resulting from closed bags, sham bags were tied

to the rachis only, leaving the top and most of the

bottom open. To provide additional access for R. coni-

cus adults, a 3� 13-cm square was cut in the side of the

bag. Flowers in all treatments were hand-pollinated with
a small paintbrush to ensure uniform pollination. Bags

remained in place until 1 week before seed heads were

harvested. All seed heads were then covered with a

closed bag to prevent seed loss due to birds and storms.

To determine seasonal activity of R. conicus, the total

number of adults (males and females) on each plant, and

the number of eggs per flower head were counted at least

once a week. Adults were counted during the mid-
morning hours when they were active. To assess R. co-

nicus survival within heads, seed heads were clipped and

placed in 0.5-liter containers 10–14 days after full bloom

(just prior to seed dispersal) or when they had aborted.

Seed heads were held in the laboratory at �25 �C and a

photoperiod of 16:8 h (L:D). The number of adult R.

conicus that emerged or were dissected out of the head

was counted.
To quantify the impact of T. horridus on thistle de-

velopment, each plant was examined about once a week

beginning in the spring and continuing until plant death.

On each sampling date, the number of flower stems,

stem heights, and the number of heads per stem and

per plant were recorded. To estimate the amount of

food available to developing R. conicus larvae, head
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receptacle diameters were measured to the nearest
0.1mm at full bloom or abortion of the head. A rela-

tionship between receptacle diameter and biomass was

then developed using flower heads from greenhouse-

grown thistles. Heads were measured at full bloom, the

florets and bracts were removed and the remaining re-

ceptacle tissue was dried at 50 �C for 2 days and then

weighed to the nearest mg. Simple linear regression was

performed using the ln(dry mass) on diameter (SAS
Institute, 1999). The linear relationship between recep-

tacle diameter and receptacle dry mass for flower heads

at full bloom was described by the equation: ln(dry

mass)¼ 2.93+ 0.10*diameter (R2 ¼ 0:93, F1;34 ¼ 460:17,
P < 0:0001).

2.2.2. 1999–2000, Westmoreland, KS

The experiment was established at a 0.18-ha field site
near Westmoreland, Pottawatomie, KS (39� 26.090N,

96� 20.430W, 409m). The experimental design was a

4� 2 factorial treatment structure in a randomized

complete block design. There were 10 blocks (replica-

tions), each of which had four levels of T. horridus in-

festation (artificial infestation in the fall, spring, both

fall and spring, or excluded) and two R. conicus infes-

tation levels (natural infestation or excluded) for a total
of 80 experimental units.

Musk thistle rosettes were transplanted for increased

uniformity of plot conditions and plant size. In late

September, 2 weeks prior to transplanting, a 0.64-m2

area was cleared of vegetation for each experimental

plant by applying glyphosate (N -(phosphonom-

ethyl)glycine, Roundup, Monsanto, St. Louis, MO) at

4.7 liter/ha. This zone was established to reduce effects of
competing grasses on thistles without disrupting the soil

profile. In addition, surrounding grass and other vege-

tation were mowed at regular intervals to maintain a

minimum height of 10 cm. Frame cages were placed in

the ground 1 week before transplanting and a 0.25%

permethrin solution was applied inside the cages to

eliminate any T. horridus adults. Greenhouse-germi-

nated musk thistle seedlings, 10–15 cm in diameter, were
transplanted on 8 October. Plants were spaced 2m

apart, resulting in a density of 0.25 musk thistle/m2.

Musk thistle plants designated for T. horridus infes-

tation were inoculated with five mature eggs from a

laboratory colony on 7 December or 15 mature eggs on

13 March, or both. The number of T. horridus eggs used

for each treatment was based on the quantity of eggs

that could be harvested from the laboratory colony.
However, the majority of eggs are oviposited in the

spring. Eggs were placed directly in the crown of the

thistles and covered by moist cotton to prevent desic-

cation before hatching. Six additional caged thistles

were infested with T. horridus at experimental rates in

the fall or spring and then dissected in April to provide

estimates of actual densities of T. horridus in the ex-
perimental plants. Four uninfested thistles were left in
frame cages until April and then dissected. Results

confirmed that the cages were effective in preventing the

invasion of natural populations of T. horridus.

Rhinocyllus conicus was excluded from plants by

applying sprays of 0.25% permethrin to the developing

flower heads at 2-week intervals. Sprays were discon-

tinued on heads that were about to flower to prevent

interfering with pollinators, and no spraying was done
after R. conicus adults were no longer present in the

field. Applications of Bacillus thuringiensis Berliner

subsp. kurstaki (DiPel ES, Valent BioSciences, Walnut

Creek, CA) at 1.8 liter/ha were applied weekly to

flower heads in all treatments to minimize infestations

of the sunflower moth, Homoeosoma electellum

(Hulst). Applications began on an individual head

just prior to bloom and continued until head senes-
cence.

Data collection and analyses were similar to the 1998–

1999 experiment, except that head receptacle diameters

were measured 4 days after full bloom (when the maxi-

mum head size was achieved). The linear relationship

between receptacle diameter and receptacle dry mass

for flower heads at 4 days post-bloom on greenhouse-

grown thistles was described by the equation: ln(dry
mass)¼ 3.03+ 0.11*diameter (R2 ¼ 0:94, F1;46 ¼ 759:32,
P < 0:0001).

2.2.3. 2000–2001, Keats, KS

A field experiment, using natural infestations of

both T. horridus and R. conicus, was conducted on a

fenced, 0.02-ha site located at 39� 14.690N, 96�
43.660W (366m) and approximately 0.5 km from the
1998–1999 experimental site to determine how high

densities of T. horridus alter musk thistle for R. coni-

cus. The experimental design was a one-way treatment

structure in a randomized complete block design.

There were 20 blocks (replications), each of which had

two levels of T. horridus infestation (natural infestation

or excluded) for a total of 40 experimental units. The

field plots were established as described previously
except that no frame cages were used. Naturally ger-

minated thistles surrounding the field plots were de-

stroyed in the fall and additional T. horridus adults

were released into the plot area in March to ensure

high infestation levels. Greenhouse-germinated musk

thistle seedlings, 10–15 cm in diameter, were trans-

planted to experimental plots on 28 September, 2000.

T. horridus was excluded by applying sprays of 0.25%
permethrin, and sunflower moth was excluded with

applications of DiPel ES at 1.8 liter/ha at 2- or 1-week

intervals, respectively. Five additional transplanted

thistles (nonexperimental) were dug from the ground in

late April and dissected to quantify natural infestation

levels by T. horridus. Data were collected using pro-

cedures described previously.
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2.2.4. Statistical analyses

Plants were omitted from analysis if they had died

prematurely (e.g., in the rosette stage) from unknown

causes, were contaminated by naturally occurring

(nonexperimental) infestations of T. horridus, or dis-

played no signs of damage and developed a central,

primary flower stem after having been artificially in-

fested with T. horridus eggs.

Correlations were obtained between numbers of adult
R. conicus per plant, plant height, and number of flower

heads per plant for different sampling dates using PROC

CORR (SAS Institute, 1999). Mortality rates for R.

conicus were calculated as (1) number of adults pro-

duced/number of eggs oviposited). Data on mortality

rates and the percentage of flower heads receiving R.

conicus eggs were subjected to arcsine square root

transformation. Data were analyzed with analysis of
variance using PROC MIXED. The 1999 data on adult

R. conicus production and mortality rates were subjected

to analysis of covariance to adjust for the effect of

sunflower moth, using the proportion of moth-infested

heads as the covariate (PROC MIXED, SAS Institute,

1999). Means were separated, as necessary, using

Fisher�s protected least significant difference test

(LSMEANS, SAS Institute, 1999). For most analyses,
data from individual sampling dates were combined to

represent three periods of R. conicus seasonal activity:

(Early) the first 3–4 weeks of activity in which 50% of R.

conicus� seasonal egg production were oviposited and

adult R. conicus densities were high; (Mid) the next 1–2

weeks in which an additional 40–45% of the season�s
eggs were oviposited and R. conicus numbers were de-

creasing; and (Late) the last 1–3 weeks in which the re-
maining 5–10% of the eggs were oviposited and R.

conicus adults disappeared.

2.3. Greenhouse experiment

A greenhouse experiment was conducted in 2002 to

test whether the quality of musk thistle tissue for de-

veloping R. conicus larvae was altered by prior infesta-
tion by T. horridus. Intraspecific competition may affect

development and survival among R. conicus larvae.

Therefore, the experiment incorporated this factor. The

experiment had a 2� 2 factorial treatment structure and

was set up in a completely randomized design. There

were 10 replications, each of which had two levels of T.

horridus infestation (artificially infested or not) and two

levels of R. conicus infestation (low or high density) for a
total of 40 experimental units.

Musk thistles were grown from seed in 7.6-liter pots

in a greenhouse at 21:15 �C and approximate natural

daylengths supplemented with artificial light for 2

months. The thistles were then vernalized by transfer-

ring them to 8 �C and a photoperiod of 9:15 h (L:D) for

54 days (Medd and Lovett, 1978). Following vernali-
zation, thistles were placed in a greenhouse at 15:10 �C
and a photoperiod (L:D) of 14:10 h. They were fertilized

every other week using one-half strength Peters Profes-

sional 20-20-20 fertilizer (Scotts-Sierra Horticultural

Products, Marysville, OH). Initial rosette diameters of

experimental thistles were 32–36 cm. Thistles designated

for T. horridus damage were infested by placing 30

mature eggs into the crown of each plant (19 eggs fol-

lowed by 11 eggs 1 week later). Eggs were obtained from
a laboratory colony of T. horridus. Five nonexperi-

mental thistles also were infested. Dissections 3 weeks

later yielded a mean of 27.4� 1.9 larvae per plant, which

is high for potted thistles (see Sieburth et al., 1983). The

temperature was raised to 25:20 �C 6 weeks after in-

festing to allow for severe feeding damage by T. horridus

larvae to occur without stimulating rapid thistle growth.

Following cold storage, R. conicus were transferred
to screened cages (60� 55� 90 cm [length�width�
height]) in the greenhouse, each containing potted musk

thistle plants, for feeding, mating, and oogenesis. When

the first flower head of an experimental plant was fully

exposed, i.e., the bottom of the receptacle was visible, its

receptacle diameter was measured. Five to 10 adult R.

conicus femaleswere enclosed on the headwith amesh bag

and left until the desired density of eggswas oviposited (2–
3 days). The maximum number of eggs per head for the

low-density treatment was adjusted according to the re-

lationship y ¼ 3:0pr2, where y¼maximum number of

eggs and r¼ (receptacle diameter + 1.0 cm)/2. Previous

field data showed that fully exposed heads gained an ad-

ditional 1.0 cm in diameter by full bloom. Also, the

maximum number of adults produced per cm2 of recep-

tacle area (measured at full bloom) was around 3.0. This
value was chosen to ensure that development ormortality

were likely not affected by intraspecific larval competition

(e.g., Dowd and Kok, 1981) but that food was not over-

abundant and that each head received a comparable egg

load. The maximum number of eggs was doubled for the

high-density treatment.

Heads were bagged 30 days after oviposition to catch

early-emerging R. conicus adults and harvested 14 days
later. Heads were held in 0.5-liter containers at 25:20 �C
and a photoperiod (L:D) of 14:10 h for 14 days to ensure

complete weevil development. Larval entrance holes

were counted to confirm that R. conicus treatment

densities were achieved using the number of entrance

holes/pr2, where r¼ receptacle radius measured at full

bloom. Adult weevils that emerged or were dissected out

of the heads were frozen immediately, then dried at
50 �C for 2 days and individually weighed to the nearest

0.1mg. Differences in body length were extrapolated by

measuring the length of the left elytrum to the nearest

0.05mm using an ocular micrometer at 10�. Previous

measurements had shown a highly significant linear re-

lationship between elytral length and total body length

(Body¼ 1.426*Elytrum, R2 ¼ 0:99, F1;24 ¼ 24; 603:2,
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P < 0:0001). Each adult was sexed by dissecting it and
inspecting the genitalia.

Mortality rates were calculated as (1) number of

adults produced/number of larval entrance holes) and

arcsine square root-transformed. Data on calculated

larval R. conicus densities, percent mortality, and adult

male and female dry mass and elytral length were

analyzed with analysis of variance using PROC

MIXED (SAS Institute, 1999). The sex ratio of adults
produced was analyzed with the G test (Sokal and

Rohlf, 1995).
Fig. 1. Heights (Mean+SE) of bolted musk thistle stems in response to

different infestations of Trichosirocalus horridus. (top) 1999, (middle)

2000, and (bottom) 2001. Dates shown reflect the period of seasonal

reproductive activity for Rhinocyllus conicus. For each date, means

denoted by a different letter are significantly different (Fisher�s pro-

tected LSD, P 6 0:05) (ns—nonsignificant differences).
3. Results

3.1. Effect of T. horridus on musk thistle growth and

development

3.1.1. 1998–1999

Dissections of musk thistle plants in three pastures in

Northeast Kansas revealed a wide range of larval den-

sities for naturally occurring populations of T. horridus

as follows (mean� SD): 17.0� 10.5, 19.2� 15.5, and

33.8� 27.2 larvae per plant (range: 0–77; n ¼ 10).

Inoculation of experimental musk thistle rosettes at
rates of 25 or 50 T. horridus eggs per plant resulted in

mean spring densities of 13.3� 8.0 and 18.3� 1.5 larvae

per plant, respectively ðn ¼ 3Þ. The corresponding ran-

ges of larval infestations were 5–21 and 17–20 larvae per

plant, respectively.

Experimental thistles that had these rates of T. hor-

ridus infestation produced more flower stems than un-

infested thistles (2.0� 0.2 and 1.0� 0.2, respectively;
P < 0:001). In addition, flower stems of uninfested

thistles were taller than infested thistles from May

through June (P < 0:001; Fig. 1, Top), the period during

which R. conicus was active.

3.1.2. 1999–2000

Manipulating the rate and seasonal infestation sche-

dule of T. horridus eggs on musk thistle rosettes resulted
in spring larval densities of about 2 [n ¼ 1] (fall inocu-

lation), 9.8� 3.3 [n ¼ 5] (spring inoculation), and ap-

proximately 12 (fall and spring inoculation data

combined) larvae per plant. Thistles infested at these

densities produced more flower stems than uninfested

thistles (2.6� 0.1 and 1.0� 0.2, respectively; P < 0:001).
Flower stem heights of T. horridus-infested and unin-

fested thistles were similar during most of the season
when R. conicus activity was greatest (Fig. 1, Middle).

3.1.3. 2000–2001

Musk thistles exposed to natural populations of T.

horridus had spring infestation rates of 66.2� 22.9 lar-

vae per plant ðn ¼ 5Þ. Plants infested by T. horridus

produced 6.7� 0.5 flower stems, more than uninfested
plants (3.9� 0.5 stems; P < 0:001). Uninfested plants

typically had a large central stem and additional sec-

ondary stems. Uninfested thistles were taller than in-

fested plants throughout the season (P < 0:001; Fig. 1,
Bottom).

3.2. Synchrony between R. conicus adults and seasonal

flower production

In all years, adult R. conicus appeared on thistle

plants during the last week in April, shortly after bolting

of musk thistle had commenced and several days prior

to the appearance of flower heads. The number of adults

increased rapidly and remained at high densities for

about 4 weeks before declining over the subsequent 3- to

4-week period. Low levels of adults were observed until
the middle or end of June. Oviposition occurred as soon

as flower buds were accessible to adult R. conicus, usu-

ally by the first week of May. Ninety percent of all eggs

were oviposited by the first week of June.



Fig. 3. Relationship between seasonal egg production of Rhinocyllus

conicus and musk thistle flower head production at different levels of

Trichosirocalus horridus infestation, 2000. Vertical lines denote when

�50 and 90% of R. conicus�s seasonal egg production were oviposited—

(1) Early-season heads received an average of 15 R. conicus eggs per

head, (2) mid-season heads received 2 eggs per head, and (3) late-

season heads received 0 eggs per head. Means for flower heads within

each date denoted by different letters were significantly different

(Fisher�s Protected LSD, P < 0:05) (ns—nonsignificant differences).
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3.2.1. 1998–1999

There were no significant ðP > 0:05Þ differences

between T. horridus-infested and uninfested thistles in

the appearance of the first musk thistle flower heads

or the schedule of flower head production from early

May to mid-June, the period during which most of

the oviposition by R. conicus occurs (Fig. 2).

3.2.2. 1999–2000

The first appearance of flower heads was similar

for all T. horridus-infested and uninfested thistles.

The rate of flower head production was low for

uninfested thistles and spring-infested thistles. Thistles

inoculated in both the fall and spring showed a trend

for intermediate levels of flower head production. The

most flower heads—almost twice the numbers ob-

served on uninfested and spring-inoculated thistles—
were produced by plants that were inoculated with T.

horridus in the fall only. Differences in flower head

production among T. horridus treatments occurred

during the period of peak oviposition by R. conicus

(Fig. 3).

3.2.3. 2000–2001

Thistles that were naturally infested by T. horridus

produced flower heads approximately 1 week later

than uninfested thistles (10 May and 2 May, respec-

tively). Infested thistles also produced fewer flower

heads than uninfested thistles throughout the entire

period when R. conicus was reproductively active

(P < 0:009, Fig. 4).
Fig. 2. Relationship between seasonal egg production of Rhinocyllus

conicus and musk thistle flower head production at different levels of

Trichosirocalus horridus infestation, 1999. Vertical lines denote when

�50 and 90% of R. conicus�s seasonal egg production were oviposited—

(1) Early-season heads received an average of 29 R. conicus eggs per

head, (2) mid-season heads received 7 eggs per head, and (3) late-

season heads received 1 egg per head. Means for flower heads within

each date were not significantly different ðP > 0:05Þ.

Fig. 4. Relationship between seasonal egg production of Rhinocyllus

conicus and musk thistle flower head production at different levels of

Trichosirocalus horridus infestation, 2001. Vertical lines denote when

�50 and 90% of R. conicus�s seasonal egg production were oviposited—

(1) Early-season heads received an average of 32 R. conicus eggs per

head, (2) mid-season heads received 6 eggs per head, and (3) late-

season heads received 0.3 eggs per head. Means for flower heads within

each date were significantly different except for May 2 ðP < 0:05Þ.
3.3. Recruitment and oviposition by R. conicus (Table 1)

3.3.1. 1998–1999

There were no seasonal differences in adult R. conicus

densities, or in the number of eggs oviposited per plant,

among T. horridus treatments. Similarly, the number of

R. conicus eggs per flower head was not affected by T.
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horridus infestation. The percentage of flower heads re-
ceiving eggs, and the number of eggs per head, both

declined over the course of the season (Table 1).

3.3.2. 1999–2000

The per-plant densities of R. conicus adults and eggs

were not statistically different among T. horridus treat-

ments. However, among thistles infested by T. horridus

in the fall, there was a trend for more R. conicus adults
in May, and more eggs through the beginning of June.

The number of R. conicus eggs per flower head did not

differ significantly among treatments.

3.3.3. 2000–2001

More R. conicus adults colonized uninfested thistles

than infested thistles ðP < 0:008Þ. This pattern per-

sisted until late in the season. In addition, more eggs
were deposited on uninfested thistles than on infested

thistles. The difference was greatest from the end of

April to early June, when a high proportion of eggs
Table 1

Seasonal densities (mean� SE) of Rhinocyllus conicus adults and eggs and m

and uninfested musk thistlesa

Dates Number of T. horridus

larvae per plant

Adult R. conicus

per plant

1999

28 April–28 May 0 2.6� 0.6 a

13 2.2� 0.6 a

18 2.6� 0.6 a

29 May–9 June 0 0.9� 0.3 a

13 0.9� 0.3 a

18 1.4� 0.3 a

10–30 June 0 0.1� 0.1 a

13 0.2� 0.1 a

18 0.2� 0.1 a

2000

29 April–22 May 0 0.9� 0.6 a

�2 (F)c 3.1� 0.9 a

10 (S)c 1.2� 0.6 a

2+ 10 (F+S) 2.2� 0.7 a

23 May–1 June 0 0.5� 0.2 a

�2 (F) 0.5� 0.3 a

10 (S) 0.6� 0.2 a

2+ 10 (F+S) 0.4� 0.2 a

2–12 June 0 0.07� 0.02 a

�2 (F) 0� 0.04 a

10 (S) 0� 0.02 a

2+ 10 (F+S) 0� 0.03 a

2001

27 April–23 May 0 7.0� 0.6 a

66 2.5� 0.6 b

24 May–7 June 0 4.6� 0.5 a

66 2.4� 0.5 b

8–26 June 0 0.2� 0.1 a

66 0.2� 0.1 a

aMeans within columns and for each set of dates followed by different le
bMeans shown were back-transformed from arcsine square root values.
c F¼ fall inoculation, S¼ spring inoculation.
were laid. During the first week of oviposition, when
no flower heads were available on T. horridis-infested

plants, approximately 1000 R. conicus eggs (50 eggs per

plant) were laid on thistles not infested by T. horridus.

Mean egg densities on individual flower heads also

were greater on uninfested thistles for most of the

season.

In all years, there was a strong, positive correlation

ðP < 0:05Þ between numbers of adult R. conicus and
flower heads per plant, and between R. conicus adults

and plant height. Correlations were significant in May

but generally were not significant later in the season.

3.4. Abundance of larval food (Table 2)

3.4.1. 1998–1999

The number and maximum receptacle diameter of
flower heads that formed during the season were similar

between T. horridus-infested and uninfested thistles. As

a result, the quantity of receptacle tissue available to R.
ean percentages of heads with eggs on Trichosirocalus horridus-infested

New eggs per

plant

Eggs per infested

head

% Heads with

eggsb

156.1� 32.6 a 31.4� 2.7 a 100.0 (99.9–100) a

123.6� 34.7 a 23.9� 2.9 a 100.0 (100) a

130.1� 35.8 a 30.5� 3.0 a 100.0 (100) a

95.5� 22.4 a 7.9� 1.2 a 99.1 (93.8–99.6) a

94.1� 24.1 a 8.1� 1.3 a 98.0 (87.1–99.9) a

111.7� 25.0 a 8.3� 1.3 a 92.7 (81.1–99.0) a

14.3� 5.5 a 1.9� 0.3 a 40.9 (9.3–77.5) a

11.0� 6.0 a 1.8� 0.3 a 57.1 (15.9–92.9) a

18.6� 6.2 a 2.2� 0.3 a 35.9 (5.0–76.1) a

33.4� 22.2 a 22.2� 4.1 a 84.3 (54.7–99.4) a

109.5� 33.3 a 15.0� 5.1 a 99.1 (70.7–100) a

33.0� 21.1 a 16.7� 3.7 a 97.5 (77.9–100) a

82.9� 27.2 a 11.9� 4.3 a 93.4 (62.7–98.1) a

30.8� 10.8 a 6.4� 1.3 a 57.9 (24.4–87.7) a

82.0� 16.2 a 3.8� 1.7 a 61.8 (17.2–96.5) a

35.5� 10.2 a 6.3� 1.1 a 31.3 (5.4–66.5) a

30.2� 13.2 a 1.8� 1.7 a 39.3 (6.9–78.6) a

3.8� 1.9 a — 0.3 ()0.8–0.8) a
4.9� 2.8 a — 0.5 (0.2–3.3) a

4.8� 1.8 a — 0 ()0.1–1.6) a
0.4� 2.3 a — 0 ()0.6–0.6) a

635.1� 53.7 a 41.8� 1.7 a 100.0 (99.8–100) a

131.8� 55.0 b 22.2� 1.7 b 99.9 (99.6–100) a

378.8� 36.7 a 7.7� 0.4 a 89.5 (83.8–94.0) a

205.5� 37.6 b 6.4� 0.4 b 84.4 (77.8-90.0) b

99.7� 11.9 a 2.6� 0.4 a 11.6 (7.7–16.2) a

69.0� 12.2 b 2.0� 0.4 a 12.8 (8.6–17.6) a

tters were significantly different (Fisher�s Protected LSD, P 6 0:05).

Numbers in parentheses are 95% confidence intervals.



Table 2

Seasonal production of flower heads and quantity (mean� SE) of musk thistle receptacle tissue available to Rhinocyllus conicus larvae as influenced

by Trichosirocalus horridus infestation of musk thistles a

Dates Number of T. horridus

larvae per plant

New flower heads per

plant

Maximum receptacle

diameter (mm)

Receptacle mass per

plant (mg)

1999

28 April–28 May 0 6.4� 1.3 a 26.7� 0.9 a 1828� 374 a

13 6.1� 1.4 a 23.2� 0.9 b 1401� 387 a

18 4.8� 1.4 a 27.0� 1.0 a 1583� 399 a

29 May–9 June 0 7.4� 1.4 a 17.8� 0.8 a 955� 214 a

13 5.9� 1.5 a 17.6� 0.8 a 750� 223 a

18 8.1� 1.5 a 19.4� 0.8 a 1238� 232 a

10–30 June 0 4.2� 1.3 a 15.2� 0.7 a 372� 137 a

13 3.4� 1.3 a 14.5� 0.9 a 357� 144 a

18 4.0� 1.4 a 15.8� 0.8 a 399� 150 a

2000

29 April–22 May 0 3.8� 0.7 c 30.9� 1.2 a 3390� 539 a

�2 (F)b 8.9� 0.9 a 26.8� 1.6 a 4150� 691 a

10 (S)b 4.4� 0.7 bc 28.4� 1.2 a 2414� 528 a

2+ 10 (F+S) 6.5� 0.9 b 28.3� 1.5 a 3625� 651 a

23 May–1 June 0 4.0� 1.0 a 23.2� 1.2 a 1291� 305 a

�2 (F) 6.5� 1.3 a 17.4� 1.7 b 1202� 398 a

10 (S) 4.1� 1.0 a 20.1� 1.2 ab 1121� 298 a

2+ 10 (F+S) 4.7� 1.2 a 17.4� 1.5 b 1017� 373 a

2–12 June 0 3.2� 0.7 a 12.5� 1.1 a 397� 102 a

�2 (F) 4.2� 1.0 a 12.5� 1.7 a 366� 139 a

10 (S) 2.7� 0.7 a 12.4� 1.3 a 325� 99 a

2+ 10 (F+S) 2.9� 0.9 a 11.8� 1.5 a 266� 128 a

2001

27 April–23 May 0 19.9� 2.1 a 31.2� 0.8 a 12,968� 1362 a

66 9.7� 2.1 b 29.2� 0.8 b 5704� 1362 b

24 May–7 June 0 45.6� 4.9 a 25.1� 0.6 a 17,195� 1765 a

66 34.8� 5.0 b 25.6� 0.6 a 12,907� 1765 b

8–26 June 0 61.1� 6.5 a 20.0� 0.7 a 12,627� 1421 a

66 42.8� 6.6 b 20.3� 0.7 a 9582� 1421 a

aMeans within columns and for each set of dates followed by different letters were significantly different (Fisher�s Protected LSD, P 6 0:05).
b F¼ fall inoculation, S¼ spring inoculation.
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conicus larvae was not different ðP > 0:05Þ between the

two groups of experimental plants (Table 2).

3.4.2. 1999–2000

Thistles that were infested by very low densities of

T. horridus in the fall produced more flower heads in

early spring than uninfested thistles ðP < 0:001Þ. Fall-
infested plants also produced significantly more

flower heads than plants that were infested either in

the fall and spring or in spring only. In contrast,

uninfested thistles produced larger flower heads dur-

ing mid-season (late May to early June) than thistles

that were infested in the fall only or both fall and

spring. There were no differences in head size among

T. horridus-infested thistles. The estimated quantity of
receptacle tissue available to R. conicus larvae did not

differ throughout the season among T. horridus

treatments.

3.4.3. 2000–2001

In contrast to 1999 and 2000, thistles infested at

higher T. horridus densities produced fewer flower heads
over the entire season than uninfested thistles

ðP < 0:04Þ. Early-season flower heads of infested plants

were slightly smaller than uninfested plants. Thistles

infested by T. horridus produced less receptacle biomass

during the first two-thirds of the season than uninfested

thistles ðP < 0:03Þ.

3.5. Production of R. conicus adults (Table 3)

3.5.1. 1998–1999

Neither the number of R. conicus adults produced nor

the rate of mortality (egg-adult) differed between T.

horridus-infested and uninfested thistles (Table 3).

3.5.2. 1999–2000

There were no differences in the number of R. conicus

adults produced or mortality rates among T. horridus

treatments.

3.5.3. 2000–2001

Approximately 2.5 times fewer adult R. conicus de-

veloped from T. horridus-infested thistles than from



Table 3

Mean�SE numbers of Rhinocyllus conicus adults developing, and mean percentages of preadult mortality, from Trichosirocalus horridus-infested

and uninfested musk thistlesa

Year Dates Number of T. horridus larvae

per plant

New R. conicus adults per

plant

% Mortality (egg to

adult)b

1999 28 April–28 May 0 68.9� 14.5 a 65.8 (59.1–72.2) a

13 43.8� 15.8 a 77.2 (70.4–83.3) a

18 62.7� 16.9 a 68.2 (60.3–75.6) a

29 May–9 June 0 11.2� 3.3 a 85.5 (78.0–91.7) a

13 7.8� 3.5 a 82.8 (73.9–90.1) a

18 13.1� 3.5 a 86.9 (78.5–93.5) a

10–30 June 0 0.8� 0.6 a 85.0 (60.4–98.7) a

13 2.1� 0.8 a 90.1 (63.0–100.0) a

18 1.2� 0.8 a 79.5 (48.0–98.2) a

2000 29 April–22 May 0 24.9� 11.2 a 62.7 (41.9–81.3) a

�2 (F)c 76.0� 16.9 a 58.2 (36.1–82.1) a

10 (S)c 35.9� 11.2 a 34.7 (18.2–53.2) a

2+ 10 (F+S) 41.0� 13.8 a 61.0 (38.8–81.0) a

23 May–1 June 0 4.4� 2.1 a 59.9 (23.1–91.1) a

�2 (F) 3.2� 3.1 a 66.4 (18.6–98.7) a

10 (S) 6.9� 2.0 a 71.3 (37.8–94.7) a

2+ 10 (F+S) 0.5� 2.6 a 76.5 (28.1–100.0) a

2–12 June 0 0� 0.2 a —

�2 (F) 0� 0.3 a —

10 (S) 0.4� 0.2 a —

2+10 (F+S) 0.2� 0.3 a —

2001 27 April–23 May 0 135.6� 13.7 a 83.0 (80.1–85.7) a

66 40.1� 13.7 b 80.9 (77.9–83.8) a

24 May–7 June 0 46.2� 5.1 a 84.5 (81.7–87.2) a

66 25.6� 5.1 b 84.6 (81.7-87.3) a

8–26 June 0 3.4� 0.9 a 83.7 (63.5–96.7) a

66 3.1� 0.9 a 71.0 (48.3–89.2) a

aMeans within columns and for each set of dates followed by different letters were significantly different (Fisher�s Protected LSD, P 6 0:05).
bMeans shown were back-transformed from arcsine square root values. Numbers in parentheses are 95% confidence intervals.
c F¼ fall inoculation, S¼ spring inoculation.
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uninfested thistles. However, rates of R. conicus mor-

tality did not differ significantly between T. horridus-

infested and uninfested plants.

3.6. Trichosirocalus horridus-induced changes in thistle

quality and effect of R. conicus larval densities (Table 4)

The percentage mortality of R. conicus (larvae-adults)
was higher from thistles that were infested by T. horridus

in the greenhouse than from uninfested thistles

ðP < 0:002Þ, but only in thistle heads that had lower lar-

val densities ofR. conicus (Table 4).Mean adult body size

and weight for R. conicus were lower at the higher intra-

specific larval density than at the lower one ðP < 0:001Þ.
The sex ratio ofR. conicus did not differ from a 1:1 ratio in

any of the treatments (G test, P > 0:05).
4. Discussion

Experimental evidence indicates that T. horridus

modifies musk thistle in a variety of ways that indirectly

affect R. conicus. Furthermore, the data suggest that the
effect on R. conicus may range from negative to neutral,

depending on the level and timing of infestation by T.

horridus. Specific negative effects included asynchrony

between R. conicus and musk thistle, lower colonization

of thistles by R. conicus adults and fewer eggs laid, and

reduced quantity and quality of floral resources avail-

able for developing R. conicus larvae. To our knowl-

edge, only Strauss (1991) has similarly demonstrated
indirect effects (negative to positive) among the chryso-

melid beetle Blepharida rhois (Forster), the cerambycid

beetle Oberea ocellata Haldeman, and whitetail deer

(Odocoileus virginianus [Boddaert]), whose feeding on

the shared host, smooth sumac (Rhus glabra L.), are

separated both in space and time.

4.1. Synchrony between R. conicus adults and seasonal

flower production

In all years, the appearance of adult R. conicus co-

incided with musk thistle bolting (stem elongation).

Colonization occurred several days before flower heads

were available, and oviposition began as soon as flower

buds were accessible to adults. The short preoviposition



Table 4

Effect of Trichosirocalus horridus infestation and Rhinocyllus conicus larval density on R. conicus mortality and adult body sizea

T. horridus R. conicus larvae/cm2 b %Mortality (larvae to adult) Dry massc (mg) Left elytral lengthc (mm)

Absent 3.1� 0.3 3.7 (0.4–10.0) 9.2� 0.2 4.39� 0.04

Absent 6.3� 0.3 19.8 (11.1–30.4) 7.6� 0.2 4.13� 0.04

Present 3.4� 0.3 23.1 (13.7–34.1) 9.3� 0.2 4.46� 0.04

Present 6.9� 0.3 14.9 (7.3–24.5) 7.3� 0.2 4.07� 0.04

Factor P values

T. horridus 0.143 0.055 0.894 0.891

R. conicus <0.001 0.190 <0.001 <0.001

T. horridus�R. conicus 0.650 0.004 0.345 0.099

a Percentages of mortality are back-transformed from arcsine square root values. Numbers in parentheses are 95% confidence intervals. For all

other data, means are followed by standard errors.
b Based on the area of the flower head at full bloom.
cNeither sex nor any other interaction terms were significant ðP > 0:05Þ.
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period that we observed is consistent with the one re-

ported by Smith and Kok (1987) in Virginia.

In 2001, when T. horridus larval densities were high,

development of the first musk thistle heads was delayed

considerably compared to plants that were kept free of
T. horridus or that experienced low T. horridus infesta-

tions (1999 and 2000). This delay prevented R. conicus

from ovipositing on T. horridus-infested thistles for

about 1 week. In Australia, Woodburn (1997) reported a

delay in musk thistle flower head production of 2 weeks

due to T. horridus infestation. This more extended delay

was associated with larval densities of T. horridus that

were nearly twice as high as those we observed in
Kansas. Based on our field ovipositional data, we esti-

mated that 3–4% of the seasonal eggs laid by R. conicus

are deposited during the first week that flowers are

available. Because R. conicus appears to have a fixed

oviposition period, this delay represents a direct loss in

reproduction that cannot be replaced. The shift in plant

phenology in 2001 also resulted in considerably fewer

(50%) available flower heads for R. conicus females
during the period of peak oviposition. Continuous,

heavy oviposition by T. horridus, with subsequent waves

of larval feeding on developing meristems, prevented

secondary and tertiary flower stems that had initiated

growth from elongating further. Eventually some flower

stems were able to develop normally. Nevertheless, the

repeated destruction of stems would be expected to de-

lay the production of flower heads. In contrast, low
densities of T. horridus larvae did not interfere with the

bolting of secondary flower stems.

In addition to T. horridus, other environmental fac-

tors may influence secondary stem development, and,

ultimately, flower head production of musk thistles. For

example, Woodburn (1997) attributed secondary stem

development in musk thistle, in part, to increased fer-

tility. In our studies, larger, more vigorous, plants, and
an early hard frost may have contributed to early sec-

ondary stem development in thistles in 2001 because

both T. horridus-infested and uninfested plants had
more stems than in 1999 and 2000. However, because

the interaction between T. horridus and other factors is

unknown, it is unclear whether the magnitude of the

reduction of flower heads from T. horridus that was

observed in 2001 would have been different if compa-
rably heavy T. horridus infestations had occurred on the

smaller, less productive, experimental thistles in 1999

and 2000.

4.2. Recruitment and oviposition by R. conicus

The multiple-stemmed plants associated with T. hor-

ridus� feeding damage typically were shorter than unin-
fested plants. This observation is consistent with the

findings of other workers (Cartwright and Kok, 1985;

Woodburn, 1997). However, differences in heights var-

ied from year to year. In 2001, when flower stems were

the tallest, and differences in heights between T. horri-

dus-infested and uninfested thistles were the greatest

(twofold or more), we observed significantly lower rates

of colonization and oviposition on T. horridus-infested
thistles. These results were not observed in other years

when plants were shorter and differences in heights were

smaller. Therefore, it is possible that R. conicus has a

threshold response with respect to plant height. Alter-

natively, R. conicus adults may respond to differences in

the abundance of flower heads, which, in 2001, were

more numerous on thistles that were not infested by T.

horridus and associated with the most R. conicus adults.
In contrast to the reduced flowering observed under

high T. horridus densities, plants that were artificially

inoculated in the fall of 1999 with very low infestations

of T. horridus (around 2 larvae per plant) produced

more flower heads in spring 2000 than uninfested this-

tles. Thus, it appears that the plants may have been

stimulated, a phenomenon similar to that reported by

Cartwright and Kok (1985). The differences in coloni-
zation and oviposition behavior observed in our exper-

iments occurred only when adult female R. conicus could

move freely among thistles with contrasting growth
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forms and sizes. Therefore, it is unclear how they would
respond to a situation in which all available musk this-

tles were shorter.

4.3. Abundance of larval R. conicus food

Delayed flower head production in musk thistles that

were heavily damaged by T. horridus had the long-term

consequence of reducing the total amount of resource
available to R. conicus larvae. About 50% less dry mass

of receptacle tissue was available to larvae early in the

season as compared to control plants. Reduction in

tissue was related to a decrease in the number of flower

heads produced, but not to large changes in the average

size of flower heads. Woodburn (1997) noted a similar

pattern between musk thistle head numbers and size.

This large change in food quantity undoubtedly played a
significant role, in addition to decreased oviposition, in

the greatly depressed production of adult R. conicus

relative to undamaged thistles.

Although both low and high densities of T. horridus

did not occur in the same year, comparisons of plant

and R. conicus responses were made in all years between

musk thistles that had or had not been infested by T.

horridus. Therefore, it is reasonable to conclude that the
effects on R. conicus were attributable to T. horridus-

induced changes in thistles. Furthermore, in 2001, when

T. horridus densities were highest, and effects on thistles

were greatest, plants were generally the largest and most

vigorous of the 3 years. Because larger thistles have been

shown to exhibit relatively greater tolerance to T. hor-

ridus damage than smaller ones (Sieburth et al., 1983),

the dramatic effects on plant growth and reproduction
that we observed in 2001 are impressive and suggest that

an even greater impact may have occurred if higher T.

horridus densities had coincided with the smaller thistles

that were prevalent in 1999 and 2000.

4.4. Trichosirocalus horridus-induced changes in thistle

quality and R. conicus larval densities

Survival ofR. conicus to adulthood was lower onmusk

thistles exposed to high densities of T. horridus than on

plants free of T. horridus, but this difference was evident

only at lower R. conicus densities. At high larval densities

of R. conicus, similar mortality rates were observed, re-

gardless of T. horridus damage. Direct, intraspecific

competition among R. conicus larvae due to overcrowd-

ing of flower heads appears to have had a stronger nega-
tive effect on preadult survival and adult body size thanT.

horridus-induced changes in plant quality (indirect inter-

specific competition). Goeden and Ricker (1985) also

noted that R. conicus larvae experience intense scramble

competition on Italian thistle, Carduus pycnocephalus L.

Trichosirocalus horridus appears to trigger changes in

musk thistle that reduce the quality of the flower head
for developing R. conicus. Other types of plant stress
also have been shown to negatively affect the develop-

ment of R. conicus. For example, results of a greenhouse

study by Dowd and Kok (1983) showed that R. conicus

that were reared on water-stressed musk thistles expe-

rienced a higher rate of mortality and had smaller body

sizes than adults that developed on well-watered plants.

Differences in fertilization also influenced survival.

It is unknown whether the differences in musk thistle
quality observed in our greenhouse experiment would be

expressed in the field. For example, Sieburth et al. (1983)

showed that potted thistles are more sensitive to stress

than field-grown plants. Furthermore, our observations

were made only on the first flower head produced;

whereas, under field conditions, R. conicus larvae de-

velop in an array of heads. Whether or not a change in

plant quality affects larvae developing in heads produced
later in the season when intraspecific competition is

minimal is unknown. However, observed rates of mor-

tality in the field were very high throughout the season

(�80%), so other factors may obscure the effects of de-

creased plant quality on late-season R. conicus larvae.

These factors may be density-independent, such as the

physical dislodgment of eggs from wind and rain (Surles

et al., 1975).

4.5. Impact of T. horridus-induced plant changes on

populations of R. conicus

The combined effects of high densities of T. horridus

on musk thistle resulted in an estimated 63% reduction

in the number of R. conicus adults produced. Although

other environmental factors may influence the seasonal
survival of R. conicus, including parasitism, adult mor-

tality in flower heads, and overwintering mortality

(Goeden and Ricker, 1980; Kok, 1976), indirect inter-

specific competition with T. horridus represents an ad-

ditional source of mortality that significantly influences

the population dynamics of R. conicus. This negative

impact can be attributed to three sources—altered syn-

chrony between R. conicus and musk thistle (4% of the
total reduction), reduced resource availability (40%),

and lower egg recruitment (56%) (Table 5). The majority

of the impact occurred early in the season.

4.6. Recommendations for musk thistle biological control

Based on our results, it appears that T. horridus has

the potential for reducing populations of R. conicus

when infestations of the former on musk thistle are high.

The musk thistle-mediated effects on R. conicus occurred

under conditions of low plant competition, a situation

that would likely exist when habitats have been recently

disturbed. It is unclear whether higher densities of sur-

rounding vegetation would influence the indirect inter-

action between the two weevils. However, it is likely that



Table 5

Calculations and estimates of indirect effects of Trichosirocalus horridus-induced changes in musk thistle on reductions in Rhinocyllus conicus

populations, Keats, KS, 2001

Indirect effect Reduction in R. conicus adult production per T. horridus-infested plant

Number %a

Altered synchrony between R. conicus and musk thistle

(no oviposition on T. horridus-infested plants from 2 to 10 May)

�50 eggs/non-T. horridus infested plant

� (1) 0.90 preadult mortalityb)¼ 5 4

Reduced resource availability

Early season (10 May to 23 May)

Assumed equivalent egg densities (22.2 per head)

to factor out lower recruitment (see below)

9.7 heads per T. horridus-infested plant) (19.9 heads [total]

) 1.4 heads [produced 2–10 May]) per uninfested plant

¼ 8.8 fewer heads/plant

8.8 heads/plant� (22.2 eggs/head� [1) 0.82 mortality])¼ 35.2 30

Mid-season (24 May to 7 June)

(34.8 heads per T. horridus-infested plant� 84.4% receiving

eggs)) (45.6 heads per uninfested plant� 89.5% receiving

eggs)¼ 11.4 fewer heads/plant receiving eggs

11.4 heads/plant� (�7 eggs/head� [1) 0.85 mortality])¼ 12.0 10

Lower egg recruitment (Early season, through 23 May)

22.2 eggs/head [T. horridus-infested plants]

) 41.8 eggs/head [uninfested plants]¼ 19.6 fewer eggs/head

These eggs were distributed over 18.6 heads/plant:

(19.9 heads [total]) 1.4 heads [produced 2–10 May])

per non-T. horridus infested plant

18.6 heads/plant� (19.6 eggs/head� [1) 0.82 mortality])¼ 65.6 56

100%

a%¼number lost/116.4; 68.8 R. conicus adults produced per T. horridus-infested plant) 185.5 adults per uninfested plant¼ 116.4 fewer total

adults/plant.
b The first flower heads for each plant received around 110 total eggs per head, resulting in a preadult mortality rate of �90%.
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infestations of T. horridus will vary among different lo-

cations and years. Unfortunately, little data on T. hor-

ridus densities in North America have been published

(but see Andres and Rees, 1995; Kok and Mays, 1989).
Infestations of T. horridus that are consistently low, as

appears to be the case for some locations in Kansas, will

likely not affect R. conicus populations. In contrast, sites

that harbor high densities may depress populations of R.

conicus. In either case, our data suggest that interactions

between musk thistle weevils are complex and warrant

careful experimental evaluation of the combined and

individual impacts of R. conicus and T. horridus on
musk thistle under a variety of environmental condi-

tions—including relative densities of the two weevils—

before decisions about redistributing one or both weevils

are made.
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